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ABSTRACT 
 
Anatomical considerations may limit access to teeth for root-end preparation and 
root-end filling. Having the canal pretreated and filled with a calcium silicate based filling 
material, apical surgery can be limited to resection of the root end only, thus simplifying the 
surgical procedure. The purpose of this study was to evaluate the effect of root-end resection 
on roots obturated with Rhodamine B dye-laced tricalcium silicate sealer (TCS) placed 
orthograde and allowed to achieve final set prior to root-end resection. Following endodontic 
instrumentation of extracted single rooted teeth half the specimens had 3 mm of root-end 
resected utilizing a high-speed carbide bur. The resected specimens received an apical barrier 
and all specimens were obturated with TCS sealer. All specimens were stored for 10 days at 
37°C in 100% humidity. After the TCS sealer final set the remaining unresected specimens 
had 3 mm of root-end resected utilizing a high-speed carbide bur. A Confocal Laser 
Scanning Microscope (CLSM) was utilized to examine the resected root ends and capture 
images. After examination with CLSM was complete, all specimens were placed in India ink 
for 48 hours. Following India ink exposure, all specimens were scored on their mesial and 
iv	
distal root surfaces, then split with a chisel and microscopic images were obtained. Both 
CLSM and India ink penetration microscopic images where examined and quantified using 
ImageJ software to determine the percent of cavosurface TCS sealer-dentin marginal 
breakdown. The mean percent cavosurface breakdown values for the resected and unresected 
specimens measured via CLSM were 11.53±15.59 and 4.32±8.77 percent, respectively. With 
the India ink evaluation, the mean percent cavosurface breakdown values were 13.87±19.68 
percent for resected and 11.53±15.69 percent for unresected. Despite a trend for lower 
breakdown with unresected specimens, especially as measured via CLSM, with high standard 
deviation values, there was no statistically significant (p>0.05) difference between the 
resected and unresected specimens with either CLSM or India ink evaluations. However, 
there was a positive correlation between the integrity of the obturation material-dentin 
interface as evaluated using CLSM and India ink techniques. 
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CHAPTER 1 
 
INTRODUCTION 
 
 Periapical inflammation is an infectious disease caused by microorganisms infecting 
the root canal system (Kakehashi et al. 1965). Endodontic therapy involves the use of 
biologically acceptable chemical and mechanical treatment that allows patients with diseased 
root canal systems to retain their natural dentition by removing the unhealthy tissue, 
eliminating harmful microorganisms, and filling the prepared space with an obturation 
material that provides an adequate seal to resist re-infection (Schilder 1974). However, 
traditional non-surgical endodontic treatment is not always adequate and apical surgery must 
be considered.  
Apical Surgery 
 
Traditionally, apical surgery was viewed as a last resort after endodontic treatment 
failed to resolve apical periodontitis and symptoms. Failure can be attributed to reasons such 
as iatrogenic damage during instrumentation, resorption of apical-root tissues due to long 
standing infection or anatomy that cannot be navigated, shaped or obturated adequately 
(Wilcox et al. 1987). As technology and surgical techniques advanced, success rates have 
risen and endodontic surgery has transitioned from a treatment of last resort to a highly 
successfully treatment alternative with predictable outcomes (Setzer et al. 2010; Tsesis et al. 
2013). Apical surgery is typically comprised of 4 components: periapical curettage, root-end 
resection, root-end preparation, and root-end filling. 
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Root-End Resection 
 
 One factor that makes apical surgery successful is the removal of aberrant root-end 
anatomy that cannot be successfully treated utilizing traditional non-surgical techniques. 
Many studies have demonstrated the complex anatomy found in root canal systems (Green 
1955; Weine et al. 1969; Carns and Skidmore 1973; Vertucci et al. 1974; Degerness and 
Bowles 2010) and the variability in morphology of the root apices (Kuttler 1955; Vertucci 
2005). Literature suggests that in order to remove 98% of apical ramifications 3 mm of the 
root end must be resected and that removal of less than 3 mm most likely leaves untreated 
lateral canals and apical ramifications in place, which can lead to reinfection and failure 
(Kim and Kratchman 2006). Other authors have suggested removing no less than 3.6 mm 
when resecting the mesial buccal root of a maxillary molar (Degerness and Bowles 2008; 
Degerness and Bowles 2010). 
 Another important aspect of apical surgery is minimization of the root-end resection 
bevel angle. Traditionally, when utilizing a turbine handpiece and bur, a steeper resection 
bevel around 45° was required to visualize and prepare a root-end resection to accept the 
root-end filling. This steeper bevel was necessary with older larger turbine handpieces; 
however, modern techniques utilizing ultrasonic instrumentation for root-end preparation 
allow for 0º or minimal resection bevel angle. Elimination of the bevel has many benefits 
such as reduced apical leakage (Gilheany et al. 1994), reduced osteotomy size, increase 
remaining cortical plate height, and reduced possibility of missed apical ramifications (Kim 
and Kratchman 2006). 
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An additional technique which enhances the surgical operator’s ability to achieve a 0º 
resection bevel and avoid root-end preparation and filling all together is orthograde 
obturation during non-surgical root canal treatment or retreatment with mineral trioxide 
aggregate (MTA) or other tricalcium silicate (TCS) products prior to preforming surgery. 
After allowing time for the orthograde MTA or TCS to set, apical surgery can be completed 
utilizing a 0° resection bevel exposing the previously placed and set MTA or TCS product 
(Andelin et al. 2002). This approach minimizes surgical time while allowing the operator to 
mitigate risks that may be involved with root-end preparation and filling near anatomic sites 
such as the mental foramen, inferior alveolar nerve, or sinuses.  
Root-End Preparation 
 
 If orthograde placement of MTA or TCS is not completed prior to apical surgery, 
then the root end will most likely require a root-end preparation and filling after the root-end 
resection is complete. Utilizing modern surgical techniques, root-end preparation is 
completed under a dental operating microscope with an ultrasonic handpiece and diamond 
coated retro-preparation tips. A paper published by Gilheany in 1994 shows that root-end 
preparations of 3.5 mm deep was ideal and minimized leakage (1994). It is also of the utmost 
importance that any isthmus present be prepared to receive root end filling (Kim and 
Kratchman 2006). 
Root-End Filling Materials 
 
 Root-end fillings are traditionally placed if orthograde placement of MTA or TCS is 
not completed prior to apical surgery. They provide a fresh barrier which resists apical 
percolation and should have the following characteristics: ease of handling, dimensional 
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stability, radiopaque, insoluble and moisture tolerant. The material should also adhere and 
adapt to the canal walls, seal and support regeneration of apical tissues (Gartner and Dorn 
1992). Resected root ends have historically been filled with many products such as cold-
burnished and heat-sealed gutta percha, amalgam (Tanzilli et al. 1980; Kaplan et al. 1982), 
glass ionomer (Pitt Ford and Roberts 1990), SuperEBATM and the current material of choice 
MTA (Gartner and Dorn 1992; Torabinejad et al. 1995).  
Mineral Trioxide Aggregate 
History of MTA 
 
Portland cement is used around the world to build structural foundations that need to 
harden in the presence of moisture. It has the unique ability to set even when fully submerged 
in water. As recently as the early 1990s, a refined version of Portland cement started to 
appear in the dental literature under the name mineral trioxide aggregate. MTA was touted as 
a new material developed at Loma Linda University to seal communications between the 
tooth and the external surface that occur with procedural accidents (Lee et al. 1993). MTA 
received FDA approval in 1998 and was first made commercially available as ProRoot MTA1 
in 1999 (Schwartz et al. 1999). 
Composition of MTA 
 
Per the manufacturer’s material safety data sheet (MSDS) MTA’s components are 
75% Portland cement, 20% bismuth oxide, a radiopacificer, and 5% gypsum, which controls 
the setting time of the cement (International 2010). In 2005, Camilleri et al. using x-ray 
diffraction analysis showed that white MTA is specifically composted of 53.1% tricalcium 
																																								 																				
1 Dentsply Tulsa Dental Specialties, Johnson City TN 37604, USA 
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silicate, 22.5% dicalcium silicate, 21.6% bismuth oxide, 1% calcium hydroxide, and 3.6% 
other (2005). A chemical examination of ProRoot MTA completed by Dammaschke et al. 
showed that while it is chemically the same as Portland cement, ProRoot MTA is made from 
different raw materials which are specially purified in the production process and therefore 
cannot simply be substituted by less expensive Portland cement (Dammaschke et al. 2005; 
Camilleri and Pitt Ford 2006). 
Utilization of MTA 
 
MTA is a revolutionary material in endodontics, because of its successful clinical 
applications ranging from perforation repair, apexification, regenerative procedures, 
apexogenesis, pulpotomies, and pulp capping (Tawil et al. 2015). Since its introduction into 
the field of endodontics, MTA has been extensively studied and advocated as a nearly ideal 
root canal filling material (Parirokh and Torabinejad 2010b, a; Torabinejad and Parirokh 
2010). While MTA excels at sealing pathways of communication between the root canal 
system and the periodontal tissues because its superior biocompatibility and ability to seal 
and set in the presence of blood. It is also nontoxic, noncarcinogenic, nongenotoxic, 
insoluble in tissue fluids, and dimensionally stable (Parirokh and Torabinejad 2010b).  
Although MTA does not bond to dentin, interaction of the released calcium and 
hydroxyl ions of MTA with a phosphate-containing synthetic body fluid results in the 
formation of apatite-like interfacial deposits. These deposits fill any gaps induced during the 
material shrinkage phase and improve the frictional resistance of MTA to the root canal 
walls. The formation of these nonbonding, gap-filling apatite deposits probably also accounts 
for the seal of MTA in orthograde obturation and perforation repair (Tay and Pashley 2007).  
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Limitations of MTA 
 
However, like most materials, MTA is not an ideal material for all procedures such as 
a re-treatable obturation material or as an endodontic sealer. Mixing MTA can also be 
technique sensitive as MTA’s working characteristics change with moisture content. MTA 
mixes to a slurry paste consistency which makes condensation of a void-free MTA apical 
filling challenging (Sisli and Ozbas 2017). In addition, due to a high bismuth oxide 
concentration, both white and grey MTA permanently stain tooth structure (Camilleri 2014; 
Marciano et al. 2014). 
Tricalcium Silicate Sealers 
 
Up until now, MTA, a calcium silicate cement, has been utilized mostly for 
perforation repairs and as root-end filling material. However, because MTA demonstrates 
excellent sealing ability, bioactivity, and osteoconductivity, there is a strong interest in 
developing a modified calcium silicate based sealer that could be used for root canal 
obturation (DeLong et al. 2015). To this end, several manufacturers have modified the 
material to make it easier to manipulate and expanded its number of usable clinical 
applications. One such application is utilizing a modified variant of MTA as an endodontic 
sealer. Tricalcium silicate sealers (TCS sealer) share the same basic components as MTA; 
tricalcium silicate, dicalcium silicate, and calcium hydroxide. However, the bismuth oxide 
radiopacifier has been replaced with zirconium oxide (Brasseler 2008b). While, the 
proportions and minor components are unknown, these modifications allow TCS sealer to be 
handled differently than MTA. 
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Handling Characteristics 
  
Tricalcium silicate sealer comes in a syringe that does not require any mixing tips or 
hand mixing. It can be injected directly into the prepared root canal space utilizing the thin 
flexible micro tips supplied by the manufacture. Each syringe is multiuse and the material 
within will not set as long as the syringe is properly capped after each use. Any dental 
operator with experience utilizing injectable calcium hydroxide will find the handling 
characteristics of TCS sealer to be very similar. An additional benefit over traditional MTA 
is that TCS sealer will not stain tooth structure, due to the replacement of bismuth oxide with 
zirconium oxide. 
The instructions for use provided with EndoSequence BC Sealer2 a tricalcium silicate 
sealer state that it has a “4 hour setting time. However, in very dry root canals, the setting 
time can be more than 10 hours” (Brasseler 2008a). One published paper showed that even 
when stored at 100% relative humidity in vitro, TCS sealer was not set within 4 hours (Han 
and Okiji 2013). Another article published by Loushine et al. demonstrated that TCS sealer 
specimens that were stored in 100% relative humidity required 72 hours to achieve the initial 
set and 240 hours to achieve final set (2011).  
Benefits over Traditional Sealers 
 
Tricalcium silicate sealers also have many advantages over traditional base/catalyst 
endodontic sealers which need to be mixed to cure. These advantages include being 
premixed, injectable, small particle size allowing for intimate conformation, absolutely no 
shrinkage, hydrophilic, radiopaque, biocompatible, high pH and anti-bacterial (Brasseler 
																																								 																				
2 Brasseler USA, EndoSequence, Savannah GA 31419, USA 
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USA 2008a; Tawil et al. 2015; Tanomaru-Filho et al. 2017). TCS sealer sets in a wet field 
and shows bioactivity on the material surface when in contact with phosphate containing 
tissue fluids. 
Bioactivity. Bioactivity is an expression that describes the beneficial effect of a 
material implanted in living tissue. The capacity of the material to interact with living tissues 
allows the integration of the biomaterial into its environment (Dreger et al. 2012). In recent 
years several researchers have evaluated the bioactive interactions of tricalcium silicate 
sealers on a chemical level (Camilleri 2011; Atmeh et al. 2012; Xuereb et al. 2015; Khalil et 
al. 2016). The results indicate the formation of microscopic tag-like structures alongside an 
interfacial apatite layer called the “mineral infiltration zone”. This infiltration occurs because 
the caustic alkaline effects of calcium hydroxide, a reaction byproduct of tricalcium silicate 
hydration, degrades the collagenous component of the interfacial dentin (Atmeh et al. 2012; 
Khalil et al. 2016). As the collagen degrades, a crystalline deposition of calcium phosphate is 
formed by the hydration reaction of calcium hydroxide with phosphates present in tissue 
fluids (Han and Okiji 2013; Camilleri 2015) forming the apatite layer which creates a 
chemical bond between the TCS sealer and the dentinal walls (Candeiro et al. 2012). The 
formation of calcium phosphate tags also allow TCS sealer to slightly expand through 
bioactive swelling as it sets (Zhou et al. 2013; Moinzadeh et al. 2015; Tanomaru-Filho et al. 
2017). 
Tubule Penetration. Another characteristic of tricalcium silicate sealers is profound 
dentinal tubule penetration. For penetration of the tubules to occur, the sealer’s particle 
diameter must be smaller than that of the dentinal tubules which have a mean diameter of 2.5 
µm (Hargreaves and Berman 2016). TCS sealer contain particles that are <1 µm in diameter, 
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which may help explain the reports of deep penetration into dentin tubules up to 2000 µm (2 
mm), even with the single cone technique recommended by the manufacturer (McMichael et 
al. 2016). 
Antibacterial Activity. Due to tricalcium silicate sealers having a high pH, they are 
intrinsically bactericidal (Zhou et al. 2013). A study completed by Zhang et al. (2009a) 
showed that iRoot SP3 made by Innovative BioCeramix, Inc. and also distributed by 
Brasseler under the privately labeled EndoSequence BC sealer eradicated all (E. Faecalis) 
bacteria within 2 minutes of contact. These effects are likely due to the alkaline pH which is 
around 10.8-12.0, hydrophilic nature, and active calcium hydroxide diffusion. However, they 
found after 7 days its antimicrobial effects were greatly diminished.  
Post-Operative Pain. Post-operative pain is an ongoing problem with endodontic 
treatment, a systematic review completed in 2011 of 72 published articles on post-operative 
endodontic pain found that 14% of patients who underwent endodontic treatment 
experienced post-operative pain within 7 days post treatment (Pak and White 2011). 
Mechanical and chemical injuries are often associated with iatrogenic factors. Examples of 
mechanical irritation causing periradicular inflammation include instrumentation (mainly 
overinstrumentation) and overextended filling materials (Seltzer et al. 1968; Ricucci 1998; 
Siqueira 2003). Another potential benefit of TCS sealer is the reduction of neuropeptide 
release when in direct contact with neuronal tissue, possibly reducing post-operative pain 
(Ruparel et al. 2014). 
 
 
																																								 																				
3 Innovative BioCeramix, Inc., Vancouver BC V6P 6G2, Canada 
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Obturation Utilizing Tricalcium Silicate Sealer 
 
The final objective of endodontic procedures should be the total obturation of the root 
canal space (Schilder 1967). Due to the poor adhesiveness of gutta percha, sealer has been 
used in conjunction with gutta percha to accomplish this goal (DeLong et al. 2015). Because 
of TCS sealer’s excellent flowability and dimensional stability, manufacturers recommend 
the single cone obturation technique (DeLong et al. 2015) while they also state that it works 
equally as well with lateral condensation techniques or solid (Brasseler USA 2008a). 
However, because tricalcium silicate sealer is water based, it is not recommended for warm 
vertical condensation as its properties are changed when heated (Camilleri 2015; Atmeh and 
AlShwaimi 2017).  
Single Cone Obturation  
 
 Of the two techniques recommended by Brasseler USA for use with tricalcium 
silicate sealer, the simplest is single cone obturation. Despite its simplicity, studies have 
shown that when a canal is prepared and fitted with a matching taper cone, the quality of the 
obturation is the same or better than cold lateral or thermoplastic obturation (Ozawa et al. 
2009; Moinzadeh et al. 2015), warm vertical compaction, (Alshehri et al. 2016) and 
continuous wave condensation techniques (Zhang et al. 2009b; DeLong et al. 2015). Studies 
have also shown that obturation with TCS sealer produces similar tubule penetration with 
either the recommended single cone technique or continuous wave technique (McMichael et 
al. 2016).  
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Complete Obturation with Tricalcium Silicate Sealer 
 
The instructions for use published by Brasseler USA under the product description 
states, “EndoSequence BC Sealer is a premixed ready-to-use injectable bioceramic cement 
paste developed for permanent root canal filling and sealing applications”(Brasseler USA 
2008a). Another study assessing these new root canal sealer’s apical sealing ability states 
that, “iRoot SP can form a hermetic seal inside the root canal and be used for filling root 
canals with or without gutta-percha points” (Zhang et al. 2009b).  
While complete obturation with tricalcium silicate sealer will not take the place of 
traditional gutta percha and sealer obturation techniques, mostly due to the inability for 
retreatment, it does offer a unique and efficient obturation technique for cases for which root-
end surgery may be required. Andelin et al. previously evaluated this technique utilizing 
MTA placed orthograde into a prepared canal space, allowed to set, and then resected (2002). 
They found no significant difference in dye penetration between resected and unresected 
MTA.  
Problem Statement 
 
As previously discussed, only one study evaluated the marginal integrity of resected 
MTA and found no significant difference in dye penetration due to resection (Andelin et al. 
2002). However, no studies have evaluated the marginal integrity of tricalcium silicate sealer 
placed orthograde into a prepared canal space, allowed to fully set, and then resected. 
Therefore, the purpose of this study was to evaluate how root-end resection affects the 
tricalcium silicate sealer-dentin interface and subsequent penetration via evaluation by 
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confocal laser scanning microscopy and an India ink penetration model described by Andelin 
et al. (2002). 
Hypotheses 
 
1. The resected tricalcium silicate sealer specimens will differ significantly compared to the 
unresected tricalcium silicate sealer specimens as a function of the tricalcium silicate 
sealer-dentin interface integrity when measured as the percent cavosurface marginal 
breakdown observed via confocal laser scanning microscope or using the India ink 
penetration technique.   
2. The integrity of the tricalcium silicate sealer-dentin interface as evaluated by confocal 
laser scanning microscope will correlate with the percent of marginal India ink 
penetration at the cavosurface. 
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CHAPTER 2 
 
MATERIALS AND METHODS 
 
Tooth Specimen Collection 
 
Forty de-identified extracted single-rooted human teeth collected over a one month 
period from a single private practice were used for this study. Since the teeth were collected 
without any patient identifiers, the specimens were considered non-human subject research 
and were exempt from IRB approval. The tooth selection criteria was the presence of a single 
root canal, root length of at least 12 mm, no evidence of previous root canal therapy, and an 
initial apical size no greater than ISO size 20. After extraction, the teeth were stored at 4°C in 
0.9% phosphate buffered saline with 0.002% sodium azide to inhibit microbial growth. After 
collection was complete, gross debridement was completed with a toothbrush, then the root 
surface of each tooth was examined for the absence of fractures utilizing methylene blue 
stain4 and transillumination5 in conjunction with dental operating microscope at 12.5x6. 
Tricalcium Silicate Sealer Obturation Material 
 
The tricalcium silicate sealer7 used in this study is commercially available to dentists. 
It is composed of zirconium oxide, calcium silicates, calcium phosphate monobasic, calcium 
hydroxide, filler and thickening agents (Brasseler USA 2008b). The tricalcium silicate sealer 
utilized in this study has 50µg of Rhodamine B dye8 added per milliliter, so that it fluoresced 
																																								 																				
4 Vista-Blue, Vista Dental Products; Racine, WI 53404, USA 
5 Microlux Transilluminator, AdDent,Inc.; Danbury, CT 06810, USA 
6 Carl Zeiss OMPI Pico, Carl Zeiss Meditec, Inc. Dublin, CA 94568, USA 
7 Endosequence BC Sealer, Brasseler USA, EndoSequence, Savannah, GA 31419, USA 
8 Rhodamine B Dye, Sigma-Aldrich, St. Louis, MO 63103, USA 
14 
	
red when viewed utilizing the confocal laser scanning microscope (CLSM) (Bolles et al. 
2013; McMichael et al. 2016) 
Tooth Specimen Preparation 
 
To ensure uniform specimens and straight line access for canal preparation, teeth 
were decoronated with a water-cooled diamond blade9 leaving a specimen of approximately 
12 mm in length from the apex to the line of decoronation. Following decoronation, all root 
canals were prepared by a single operator in an environmental chamber at 25°C (+/- 2°C) and 
33% humidity (+/- 2%) to simulate the human oral cavity during a clinical setting when 
utilizing a rubber dam (Plasmans et al. 1994). Access preparation was obtained and the 
working length was established utilizing double stoppers on a #10 stainless steel K-file10 that 
was advanced until the file could be just visualized within the apical foramen under 12.5x 
magnification using a dental microscope as outlined by (Guise et al. 2010), each canal length 
was recorded. One millimeter was subtracted from the recorded lengths to obtain working 
length. Each canal was instrumented in a crown down manner to a 40/.08 taper utilizing 
reciprocating NiTi files11 and an electric handpiece12. During instrumentation all canals were 
irrigated with copious 5.25% NaOCl by using syringe irrigation with a 30-gauge side-vented 
needle13. After instrumentation a final irrigation protocol utilizing 1 mL of 17% EDTA14 for 1 
minute followed by a final rinse of 3 mL of 5.25% NaOCl was used (Saito et al. 2008). A 
#10 hand file was used to confirm patency of the prepared canal. Each tooth was dried with 
																																								 																				
9 Isomet 1000, Buehler; Lake Bluff, IL 60044, USA 
10 Lexicon, Dentsply; York, NY 17401, USA 
11 WaveOne, Dentsply; York, NY 17401, USA 
12 ProMark, Dentsply; York, NY 17401, USA 
13 Max-i-Probe, Dentsply; York, NY 17401, USA 
14 EDTA, Vista Dental Products; Racine, WI 53404, USA 
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three 40/.04 absorbent paper points15. After instrumentation all the teeth were randomly 
divided into two experimental groups (n=20/group) All experimental groups received 
orthograde canal obturation with TCS sealer either subsequent to root-end resection or with 
the root end left intact. 
Root-End Resection Jig 
 
In an effort to make the study more clinically relevant a high-speed handpiece16 with 
a carbide bur17 was utilized for root-end resection instead of a diamond saw. However, the 
confocal laser scanning microscope requires flat clean cuts to minimize defects which could 
interfere with obtaining quality images. To eliminate aberrations seen when root sectioning 
by hand a jig was fabricated which holds a high-speed handpiece with its carbide bur 
oriented parallel to an X-Y compound table18. A drill press vice19 holding a ½ in.-13 304 
stainless steel nut20 was mounted to the X-Y table. Utilizing cyanoacrylate the root ends were 
secured to the head of a ½ in.-13 304 stainless steel bolt21 which is threaded into the nut held 
by the vice. Any adjustments in the Z-plane are made by screwing the bolt up or down and 
after adjustments are complete a second ½ in.-13 304 stainless steel nut is used to lock the 
bolt holding the root ends in place (Figure 1). 
 
 
																																								 																				
15 Absorbent Points, Dentsply; York, NY 17401, USA 
16 StarDental 430, DentalEZ; Malvern, PA 19355, USA 
17 Midwest 56 Operative Carbide Bur, Dentsply; York, NY 17401, USA 
18 Compound Slide Table, Grizzly Industrial, Springfield, MO 65807 
19 Improved Drill Press Vice, Grizzly Industrial, Springfield, MO 65807 
20 Stainless Steel Nuts, The Hillman Group, Cincinnati, OH 45231 USA	
21	Stainless Steel Bolt, The Hillman Group, Cincinnati, OH 45231 USA	
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Figure 1. Root-end resection jig 
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Root-End Resection of Experimental Unresected Sealer Group  
 
 All specimens in the unresected sealer group were surgically managed by a single 
operator. The apical 3 mm of the unobturated root apex was resected at approximately 90 
degrees to its long axis utilizing a water cooled high-speed handpiece and a new 56 carbide 
bur mounted to the previously described jig (fig. 1) which provided a smooth and planer 
resection. The root end of all resected specimens in unresected sealer group were covered 
with tape22 to act as artificial apical tissue during obturation as shown in figure 2. 
Experimental Groups Orthograde Canal Obturation Procedures 
 
After chemomechanical preparation, root-end resection, and tape barrier placement 
on the unresected sealer group was completed, all specimens from both groups were 
obturated orthograde with tricalcium silicate sealer by a single operator in an environmental 
chamber at 25°C (+/- 2°C) and 33% humidity (+/- 2%) to simulate the human oral cavity 
during a clinical setting when utilizing a rubber dam (Plasmans et al. 1994). Following 
radiographic verification23 of all obturated canals to ensure complete fill with no voids, 
obturated roots were stored in 100% relative humidity at 37°C for 10 days to ensure the final 
set and bioactivity of the tricalcium silicate sealer (Brasseler USA 2008a; Han and Okiji 
2011; Loushine et al. 2011). 
  
																																								 																				
22 Scotch Magic Tape, 3M, St. Paul, MN 55144, USA 
23 XDR Digital Sensor, Cyber Medical Imaging, Inc., Los Angeles, CA 90064, USA 
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Root-End Resection of Experimental Cut Sealer Group 
 
 The resected sealer group had the apical 3 mm of the obturated root apex resected at 
approximately 90 degrees to its long axis utilizing a water cooled high-speed handpiece and a 
new 56 carbide bur mounted to the previously described jig which provided a smooth and 
planer resection (fig. 1).  
Obturation Material-Dentin Interface Evaluation 
 
All roots were evaluated utilizing a confocal laser microscope and an India ink 
penetration test. Prior to evaluation with either technique, the tape was removed from the 
apical portion of each tooth in the unresected sealer group. 
Confocal Laser Scanning Microscope Evaluation 
 
All resected root ends were imaged utilizing a confocal laser scanning microscope24. 
Each roots was mounted and imaged at 5x and high resolution images of the TCS sealer-
dentin interface were obtained. The circumference of obturation and the total length of 
marginal breakdown was measured in µm using ImageJ25. These measurements were utilized 
to calculate the percent of marginal breakdown at the resected surface of each specimen 
utilizing the following formulas: 
                                        Total Marginal Breakdown (µm) 
% Marginal Breakdown = ‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒ x 100 
                                    Circumference of Obturation Interface (µm) 
  
Where the Total Marginal Breakdown (µm) = the linear sum of all marginal breakdown 
around the circumference of the obturation material–dentin interface.   
																																								 																				
24 TCS SP5 II, Leica Microsystems Inc., Buffalo Grove, IL 60089, USA 
25 Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethsda, MD 20892, USA	
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India Ink Penetration Evaluation 
 
After imaging with the CLSM was complete all roots were subjected to an India ink 
dye penetration test. The lateral and coronal surfaces of each root were coated with two coats 
of UV curable nail varnish26. After the varnish was light cured all roots were submerged in 
India ink27 for 48 h. Following exposure to the dye, the roots were removed from the India 
ink, rinsed, and dried. Each root was scored on two opposing surfaces using a ¼ round bur, 
then split lengthwise with a chisel28 to expose the obturated canal space. The TCS sealer was 
carefully removed with an endo explorer. Each split root was mounted and imaged with a 
dental operating microscope and a digital camera29 at 12.5x. Using ImageJ the total 
circumference of the cavosurface was measured for each root in µm as was the length of the 
cavosurface that demonstrated India ink penetration. These measurements were utilized to 
calculate the percent of India ink penetration at the cavosurface margin for each specimen 
utilizing the following formulas:  
          Total Circumference of India Ink Penetration (µm) 
% India Ink Penetration = ‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒‒ x 100 
                                Total Circumference of Obturation Interface (µm) 
Where the Total Circumference of India Ink Penetration (µm) = sum length of India ink 
penetration at the cavosurface for both split root halves. Also, the Total Circumference of 
Obturation Interface (µm) = the sum length of obturation material-dentin interface at the 
cavosurface for both split root halves.	
  
																																								 																				
26	Elite99 UV LED Gel Nail Polish, London, UK 
27	951 Black India Ink, Winsor & Newton, London, UK	
28	Wood Chisel, Buck Brothers, Millbury, MA 01527, USA	
29 Rebel T6, Canon U.S.A., Melville, NY, 11747, USA 
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Experimental Design and Sample Size 
 
 This was a 1-factor experimental study with one independent variable being 
tricalcium silicate sealer resected or tricalcium silicate sealer unresected. The dependent 
variable measured was the integrity of the obturation material-dentin interface. In this pilot 
study, a convenience sample of 20 was 
used. The experimental design is 
presented in Table 1. 
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          Figure 2. Flowchart demonstrating outline of experiment  
 
 
 
 
 
 
TABLE 1 
 
EXPERIMENTAL DESIGN 
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Resection Protocol 
(Independent variable) 
Integrity of Obturation Material-Dentin Interface  
(Dependent variable) 
Confocal laser microscope 
evaluation of cavosurface 
marginal breakdown (%) 
India ink penetration 
evaluation of cavosurface 
marginal breakdown (%) 
TCS sealer unresected 
(n=20)   
TCS sealer resected 
(n=20)   
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Data Analysis 
 
A 1-factor ANOVA test was used to determine if there were significant associations 
between obturation and resection protocol and the integrity of the obturation material-dentin 
interface at the cavosurface observed via CLSM and India ink penetration (table 1). To 
examine if there was any correlation between the percent cavosurface marginal breakdown 
seen via CLSM and India ink penetration a Pearson correlation test was ran. All statistical 
analyses were performed using a statistical analysis software program30 with significance set 
at α = 0.05 for all testing. 
 
 
																																								 																				
30 SPSS version 21, 233 S. Wacker Dr., Chicago IL 60606  
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CHAPTER 3 
 
RESULTS 
 
Confocal Laser Scanning Microscopy 
 
 Confocal laser scanning microscopy included images of resected root ends from both 
the resected TCS sealer group and the unresected TCS sealer groups. These images were 
analyzed to determine the integrity of the TCS sealer-dentin interface by quantifying the 
percent of marginal breakdown at the cavosurface that occurred with and without resection of 
TCS sealer. The percent marginal break down for both resected and unresected groups is 
presented in figure 3. See figure 4A and B for examples of CLSM images.  
There was no significant difference in the percent marginal breakdown when viewed 
via CLSM (p= 0.081) or India ink penetration (p=0.402), i.e. marginal integrity at the 
cavosurface TCS sealer-dentin interface, irrespective of the preparation protocol. These 
findings did not support the hypothesis that the resected tricalcium silicate sealer specimens 
would differ significantly compared to the unresected tricalcium silicate sealer specimens as 
a function of the percent cavosurface marginal breakdown observed via confocal laser 
scanning microscope or India ink penetration. 
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Figure 3. Percent marginal breakdown at the cavosurface TCS sealer-dentin interface via 
CLSM. Resecting obturated specimens did not result in signficantly more TCS sealer-dentin 
cavosurface marginal breakdown (p = 0.081).  
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Figure 4. A. Representative confocal laser scanning 
microscopy image of a resected tricalcium silicate sealer 
specimen. White arrows demonstrate the presence of marginal 
breakdown. B. Representative confocal laser scanning 
microscopy image of an unresected tricalcium sealer specimen. 
No marginal breakdown can be seen in this specimen.  
A 
B 
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India Ink Penetration 
 
India ink penetration evaluation included microscopic images of lengthwise-split 
roots from both the resected TCS sealer group and the unresected TCS sealer groups. These 
images were analyzed to determine the integrity of the TCS sealer-dentin interface by 
quantifying the percent of India ink penetration at the TCS sealer-dentin interface with and 
without resection of TCS sealer. The percent of India ink penetration for both resected and 
unresected groups is presented in figure 5. See figure 6 for an example of an India ink 
penetration image.  
There was no significant difference (p= 0.402) in the percent India ink penetration i.e. 
marginal integrity at the cavosurface of the TCS sealer-dentin interface, irrespective of the 
preparation protocol. These findings did not support the hypothesis that the resected 
tricalcium silicate sealer specimens would differ significantly compared to the unresected 
tricalcium silicate sealer specimens as a function of the percent cavosurface TCS sealer-
dentin interface integrity when measured using percent India ink penetration.  
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Figure 5. Percent India ink penetration at the cavosurface TCS sealer-dentin interface. 
Resecting obturated specimens did not result in statistically significant difference in the TCS 
sealer-dentin cavosurface marginal breakdown (p = 0.402). 
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Figure 6. Representative image of India ink penetration on a split root specimen. White 
arrows demonstrate India ink penetration representing marginal breakdown. 
 
  
30 
	
Correlations between Percent Marginal Breakdown and India Ink Penetration 
 
There was a positive correlation (r=0.63) between the integrity of the TCS sealer-
dentin interface evaluation results using CLSM and India ink. These findings did support the 
hypothesis that the integrity of the TCS sealer-dentin interface as evaluated by CLSM will 
correlate with the percent of marginal India ink penetration at the cavosurface. Overall, the 
standard deviation was high when evaluated by both CLSM and India ink. 
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Figure 7. Correlation between percent India ink penetration and CLSM percent marginal 
breakdown. There was a positive corelation (r=0.63) between the integrity of the resected 
TCS sealer-dentin interface as evaluated by CLSM and the percent of marginal India ink 
penetration. 
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CHAPTER 4 
 
DISCUSSION 
 
This study investigated how root-end resection affected the marginal integrity of the 
tricalcium silicate sealer-dentin interface via confocal laser scanning microscopy and an 
India ink penetration test.  
To date, the current study is the first to use CLSM, a novel approach, to examine 
marginal integrity of obturation materials in resected dentin. This approach is similar to what 
was previously reported with CLSM used successfully to examine dentin tubule penetration 
of TCS sealer laced with Rhodamine B dye (Bolles et al. 2013; McMichael et al. 2016). 
Although India ink evaluations are no longer considered the gold standard, an India ink 
leakage protocol was included in an effort to maintain comparative relevance with the 
outcomes of Andelin and colleagues ‘Microleakage of resected MTA’ study (2002). In 
addition, light microscopy and SEM were both considered as additional evaluations; 
however, with the current study specimens, light microscopy was ruled out due to specimen 
thickness and the incorporation of potential imaging artifacts made SEM less than optimal.  
The overall study results demonstrated that regardless of evaluation technique (CLSM 
or India ink), cavosurface marginal breakdown and subsequent leakage was observed in 
unresected and resected specimens with no significant difference between groups. The mean 
percent cavosurface breakdown values for the resected and unresected specimens measured 
via CLSM were approximately 12 and 4 percent, respectively. With the India ink evaluation, 
the mean percent cavosurface breakdown values were approximately 14 percent for resected 
and 12 percent for unresected.  
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In terms of comparison to previous studies, an India ink study previously reported 
that with resected MTA there was no discernable leakage (Andelin et al. 2002). Those results 
are not in agreement with the current study where 10 of 20 resected specimens demonstrated 
leakage at the cavosurface margin ranging from 3-59%, while with unresected specimens, 
there was India ink leakage in 7 of 20 unresected specimens ranging from 6-64%. However, 
while the MTA used in that study is a similar calcium silicate product, it is not the same 
product that was used in the current study. This difference in materials could be related to the 
difference in study outcomes. In contrast, there are no other reported CLSM studies of the 
cavosurface margin of resected and unresected specimens for comparison to the current 
study.  
While resection of TCS obturated roots did not significantly breakdown the TCS 
sealer-dentin interface, several observations were made. For example, the resected specimens 
consistently demonstrated more marginal breakdown than the unresected specimens with 
both evaluation techniques, but especially using the CLSM evaluation, 12 versus 4 percent, 
respectively. However, because the sample size was small and there was high standard 
deviation of the measurements, those differences between resected and unresected were not 
statistically significant. A larger sample size would likely result in decreased standard 
deviations and a statistical difference. Nevertheless, the 8 percent difference between 
resected and unresected might be clinically significant.  
As already mentioned, with both evaluation techniques, there was an observed trend 
of higher cavosurface breakdown in the resected specimens. Thus, it not surprising that there 
was a positive correlation between the integrity of the obturation material-dentin interface as 
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evaluated using the CLSM and India ink techniques. However, beyond that correlation, the 
results suggest that CLSM is a more precise measurement and thus a viable alternative to the 
India ink penetration evaluation technique.  
Study Limitations 
 
As with any ex vivo laboratory study, there are limitations in translating the results to 
the clinical situation. However, to address some of the limitations and control confounding 
variables, in the current study, an environmental hood to simulate the oral environment 
temperature and humidity was used as well as a carbide bur in a handpiece during root-end 
resection rather than a diamond laboratory saw.  
Another limitation of this study was that an artificial apical barrier had to be utilized 
in the unresected TCS sealer group to retain the obturation material within the root. Not only 
did extrusion have to be limited, but the obturation material-dentin interface had to be flat 
enough to image using CLSM. 
During the preliminary phases of this study a small sample of obturated root ends 
were allowed to be submerged in phosphate buffered solution while the TCS sealer set, 
which would be more similar to the oral environment. However, this approach resulted in 
root ends with so much bioactive mass covering the set TCS sealer that the ability to 
visualize the TCS sealer-dentin interface was compromised. Therefore, the decision was 
made to allow the TCS sealer to set in 100% relative humidity at 37°C as was done by 
Andelin et al (2002). This decision allowed for visibility of the cavosurface but limited the 
formation of calcium phosphate tags which may have otherwise sealed any TCS sealer-dentin 
interface discrepancies seen via CLSM or India ink penetration tests. 
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Clinical Implications 
 
As already mentioned, this study demonstrated that while there is no statistically 
significant difference between the resected and unresected sealer groups, the mean 
unresected TCS sealer values were lower with both CLSM and India ink penetration tests. 
This data trend suggests that if given the option it may be best for a clinician to not resect 
root ends obturated with TCS sealer. However, from a clinical standpoint this decision 
should be based on anatomical considerations, a clinician’s ability to visualize the root end 
and/or their comfort level preparing a root-end preparation and placing a root-end filling at 
that surgical site. If the procedure is only possible with pre-surgical orthograde obturation 
utilizing TCS sealer followed by surgical root-end resection, then risk of cavosurface 
breakdown versus tooth extraction could still be the better treatment option 
Future Research Directions 
 
Because this study is a pilot study, an important next step would be a study with a 
larger sample size, which would likely decrease the standard deviations resulting in statistical 
significance between the resected and unresected groups, especially with the CLSM 
evaluation technique.  
Another area that would be worth exploring for future research is a methodology that 
allowed the setting of the TCS sealer in a phosphate buffered solution. This would result in 
bioactivity between the TCS sealer and the physiologic solution forming calcium phosphate 
crystals which could potentially fill any gaps formed when the TCS sealer-dentin interface is 
disturbed by root-end resection. However, there may not be a feasible method to visualize the 
resected root end through the calcium phosphate tags that would cover the root ends.  
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Finally, in efforts to discover a better method to evaluate marginal integrity and 
sealing ability of an obturation material, other potential dyes could be evaluated for 
utilization with CLSM. One such dye is Fluo-3, which only fluoresces when bound to 
calcium. This may provide better imaging of the obturation material-dentin interface and 
yield more accurate results.  
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CHAPTER 5 
 
CONCLUSIONS 
 
The following conclusions can be made within the limitations of this in vitro study: 
1. There was no statistically significant difference between the resected and unresected 
tricalcium silicate sealer specimens as a function of the integrity of the obturation 
material-dentin interface when measured as the percent marginal breakdown using 
CLSM or India ink. 
2. There was a positive correlation between the integrity of the obturation material-
dentin interface as evaluated using CLSM and India ink techniques. 
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